In a PWR plant, a steam-water two-phase flow may possibly exist in the pressurizer spray pipe under a normal operating condition since the flow rate of the spray water is not sufficient to fill the horizontal section of the pipe completely. Initiation of high cycle fatigue cracks is suspected to occur under such thermally stratified two phase flow conditions due to cyclic thermal stress fluctuations caused by oscillations of the water surface. Such oscillations cannot be detected by the measurement of temperature on outer surface of the pipe. In order to clarify the flow and thermal conditions in the pressurizer spray pipe and assess their impact on the pipe structure, an experiment was conducted for a steam-water flow at a low flow rate using a mock-up pressurizer spray pipe. The maximum temperature fluctuation of about 0.2 times of the steam-water temperature difference was observed at the inner wall around water surface in the test section. Visualization tests were conducted to investigate the temperature fluctuation phenomena. It was shown that the fluid temperature fluctuations were not caused by the waves on the water surface, but were caused by liquid temperature fluctuations in water layer below the interface. The influence of small amount of non-condensable gas dissolved in the reactor coolant on the liquid temperature fluctuation phenomena was investigated by injecting air into the experimental loop. The air injection attenuated the liquid temperature fluctuations in the water layer since the condensation was suppressed by the non-condensable gas. It is not expected that wall temperature fluctuation in the actual PWR plant may exceed the temperature equivalent to the fatigue limit stress amplitude when it is assumed to be proportional to the steam-water temperature difference.
Introduction
A Pressurized Water Reactor (PWR) plant is equipped with pressurizers to maintain and control the primary coolant loop pressure. A spray line is installed on the pressurizer to inject spray water. The spray water is supplied from the cold leg through the pressurizer spray bypass valve during the commercial operation.
It is unnecessary to spray water into the pressurizer in the normal operation. However, small amount of the primary coolant at 290 °C from the cold leg is supplied continuously to keep the pipe cold and minimize thermal shock when the spray valve is opened, since the spray line near the pressurizer inlet nozzle is heated up to 345 °C due to steam from the pressurizer without the cooling.
The flow rate through the bypass is relatively small during the commercial operation and is insufficient to fill the horizontal pipe completely. The flow patterns in the spray pipe are illustrated in Fig.1 . The thermal shock may occur in the pressurizer spray piping as follows: (1) The steam keeps the upper region of the pipe hot, and the cooling thermal shock may occur when the pipe is filled with the cold water after the spray valve is opened. This transition is illustrated from (a) to (b) in Fig. 1 . The heating thermal shock may also occur in the transition illustrated from (b) to (c) in Fig.1 .
(2) Thermal fatigue may occur if the steam-water interface may move due to some flow instabilities caused by the steam condensation. The situation described in (1) has been estimated to design about significant transients such as start-up or shut-down which result large stress fluctuations, but is few in number during the plant life. These transients were targeted to prevent initiations of the low-cycle thermal fatigue.
On the other hand, the situation described in (2) is concerned since the high-cycle thermal fatigue may cause the pipe cracking and lead to leakage of the reactor coolant. The maximum temperature difference in the spray pipe is that of the steam from the pressurizer tank and the water from the cold leg. It is more than 50K and may cause large temperature fluctuations on the inner wall if the period of the interface fluctuations is long. It was reported that the crack was initiated in the bend section of a branch pipe due to the high-cycle fatigue by continuous long period temperature fluctuations during the commercial operation in Mihama Unit 2 [1] .
The authors have been interested in the situation (2) and had already reported the results on a steam-water experiment with a full-scale stainless steel pressurizer spray pipe in a certain PWR plant [2] . The inner wall and the fluid temperatures were measured at the bypass flow rate of an actual PWR plant, 0.46 m 3 /h. The wall temperature fluctuations of about 7 K were observed. The influence of non-condensable gas was also investigated by injecting air into the experimental loop simulating the dissolved hydrogen in the reactor coolant. It was shown that the wall temperature fluctuations decreased much when the non-condensable gas was injected. The authors had also reported on the results [3] of air-water visualization experiments. However, the adiabatic visualization results could not explain the wall temperature fluctuations, because no movement of the water surface was observed in the air-water experiment.
This paper presents the visualization results on the steam-water two-phase flow in the simulated pressurizer spray piping. 
Condensation

Steam
Steam-Water experiments 2.1 Experimental loop and conditions
An experimental loop was constructed to conduct the steam-water two-phase flow experiments. The outline of the loop is shown in Fig.2 .The configuration of the spray pipe is shown in Fig.3 with the locations of the temperature measurement. The section consisted of a full-scale mock-up of the spray pipe and the nozzle in a specific PWR plant. The shapes and the sizes of the present test section were same as those in the previous reports [2] . The nozzle included some stator vanes where the steam was not interrupted with the bypass flow rate.
Deaerated water was supplied and heated in the loop tank to generate steam. Water and steam temperatures were kept at 60°C and 100°C, respectively and the entire loop was maintained at nearly atmospheric pressure 0.10 MPa. Flow rate was measured by the flow meter equipped downstream from the pump after the bypass flow was branched off. Temperature fluctuations were measured for 90minutes with the bypass flow rate of an actual PWR plant of 0.46m 3 /h and with the rates 0.5 and 0.25 times of the bypass flow rate.
Five cross sections labeled A to E are shown with a circle in Fig. 3 (a). Two lines on the extrados of the spray pipe section each labeled F and G are shown with a underline in Fig.  3 (a). Sheathed thermocouples with 1mm in diameter were installed on the inner surface to measure the inner wall temperature fluctuations. Hot junctions of the thermocouples were located at 1mm in depth from the inner wall surface. The thermocouples with 0.5mm fixed on a stainless steel tube with 2mm in diameter and inserted in the pipe to measure the fluid temperature fluctuations in the sections from A to C and E. The four sheathed thermocouples were installed in 45° intervals in the cross sections from A to C and E. The five thermocouples were placed in 20mm intervals in the cross sections from A to C, and ten thermocouples were lined at a regular interval of 9mm in the cross section E. These thermocouples are non-grounded K-type and the measurement error is less than ±0.75 K.
Section D was replaced from the stainless steel pipe in the previous experiment [2] to the pipe made of polycarbonate resin for the visualization. The fluid temperature fluctuations were measured in the cross section D as shown in Fig.3 (c). Z shows a position in vertical direction from the pipe bottom. The fifteen 0.5mm wire thermocouples were banded together in a rod on 2mm intervals and inserted in the pipe to measure fluid temperature fluctuation in the cross section D.
In addition, the air was injected from the vent valve installed at the top of the loop tank to evaluate the effects of the non-condensable gas on the flow pattern and the temperature fluctuations. The injected air was heated in the injection tank to the steam temperature before the injection. The mass of the injected air was estimated by the pressure change in the injection tank before and after the injection.
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Experimental results
Results of the water and wall temperature fluctuations
Time histories of wall temperature fluctuation, where notable fluctuation was observed in the cross section E, are shown in Fig. 4 . The maximum temperature fluctuation of about 7 K was observed at 90° in the cross section E when the wall temperature fluctuations were measured in the A~G section.
The wall temperature fluctuations at 90° and the fluid temperature fluctuations at the same vertical position (z=22mm) in the section D were compared in Fig.5 . The power spectrum density diagram (PSD) of these temperature fluctuations are shown in Fig.6 . The PSD normalized by the standard deviation was obtained from the data for about 27 min. The long period peaks from 0.005Hz to 0.1Hz at the wall and in the fluid were quite similar. The smaller period peaks from 0.1Hz to 1Hz at the wall are much smaller than that in the fluid. The fluid temperature fluctuations of shorter periods did not transfer well to the wall due to the wall heat capacity. These results indicate that the wall temperature fluctuation at E3 was caused by fluid temperature fluctuations. 
Observed flow and temperature distribution at the visualization test section
Visualization experiments were conducted to identify the flow patterns in the section D. A picture in the section D without the non-condensable gas is shown in Fig.7 . No waves were observed in the steam-water interface, but the clouds were observed in the water layer below the steam-water interface. The height of the cloudy layer was about 10.5mm. The similar phenomena were observed for the experiment with 0.5 and 0.25 times the bypass flow rate. The height of the cloudy layer was about 9.7mm and 9.0mm, respectively. It was estimated that the layer seemed cloudy due to the shadowgraph effects by the water density distribution due to the liquid temperature fluctuations.
The vertical temperature distribution including the cloudy layer in the visualized section was measured. The temperature distributions in the cross section D in Fig.3 Fig.8 (b) , and about 34 K at 8mm in Fig.8(c) . It was revealed that the notable water temperature fluctuations occurred in the water layer below the steam-water interface, where the clouds were observed. The temperature fluctuations of the inner wall at 90° in the cross section E, around 7K were caused by those of the water and were relatively small since the fluctuation period was rather short. 
Influence of non-condensable gas on the temperature fluctuation
Hydrogen gas with concentration of about 2.7ppm is injected in a reactor coolant loop of a PWR plant to minimize the oxygen production. If the hydrogen is highly concentrated in the gas phase of the spray pipe, the steam condensation at the steam-water interface is expected to be suppressed since the hydrogen gas may behave as the non-condensable gas. Influences of the non-condensable gas were investigated by injecting air instead of the hydrogen gas into the experimental loop. About 0.1g of air was injected at one time in the top of the loop tank. It was observed that the clouds below the steam-water interface disappeared just after the air injection. The temperature distributions except the transient change after the air injection are shown in Figs.9 (a) 
Discussion
The cloudy layer and temperature fluctuations
It is well known that unstable waves appear in a fluid layer consisting of an upper layer with smaller density and a lower layer with larger density when the difference between flow velocities of the two layers reaches a certain value. These phenomena are generally called Kelvin-Helmholtz instability. Figure10 shows an illustration of an interfacial wave between high and low temperature layers below the steam-water interface. It is known that the velocity difference at the stability limitation is given by Eq. 
,where I l1 = coth2πh l1 /λ and I l2 =coth2πh l2 /λ. Figure11 shows the stability limitation velocity calculated by Eq.(1) for the bypass flow rate of 0.46 m 3 /h against the wave length, λ. Here, we assumed that h l1 was 10.5mm, the height of the cloudy layer, and h l2 was 16.5mm, that of the non-cloudy layer in Fig.7 . The density of each fluid was assumed to be 60 ºC and 90 ºC since the temperature at the center of the cloudy layer was 90 ºC with the bypass flow rate. It is shown that the instability may occur, if the velocity difference is larger that a few ten % of the average fluid velocity 0.081m/s at the bypass flow rate. Although the velocity distribution in the liquid phase had not been measured, it was expected that the steam condensation at the steam-water interface might suppress the velocity of the steam-water interface due to the increase of momentum transfer by the condensation. So, Kelvin-Helmholtz instability might cause the notable liquid temperature fluctuation below the steam-water interface. 
The effect of non-condensable gas on the temperature fluctuations
Condensation heat, Q[W] , and mass, M c [kg/s], were estimated by using the liquid temperature distributions before and after air injection in shown Fig.8 and Fig.9 . Q is calculated by using the following Eq. (2),
where ∆H is the enthalpy difference between the inlet and the center of the horizontal pipe where the vertical temperature distributions were measured and Q c is convection heat transfer calculated by using Dittus Boelter's equation. M c was calculated by latent heat of evaporation r as:
Table1 shows the calculated results before and after the air injection. The condensation mass decreased more than 50% after the air injection. It was expected the shear stress in the steam-water interface might decrease due to the decrease of momentum transfer by the condensation after the air injection. The velocity difference (u l2 -u l1 ) in Fig.11 may decrease because of the reduction of the shear stress. So, the instability wave may disappear after the non-condensable gas injection. To verify this assumption, we plan to measure velocity distributions in the liquid phase in a future study. 
Influence of the wall temperature fluctuations on thermal fatigue in the pressurizer spray pipe
The maximum wall temperature fluctuation in this experiment was about 7 K in the cross section E as shown in Fig.4 , which was about 0.2 times of the steam-water temperature difference 100 °C-60°C. In the pressurizer spray pipe of PWR plant, the steam-water temperature difference is 55K, which is the difference of 345 °C and 290°C. If the wall temperature was proportional to the steam-water temperature difference, the maximum wall temperature fluctuation could be about 11K. The estimated wall temperature fluctuation was rather smaller than the expected value about 55K since the wall temperature fluctuations were not caused by movement of the steam-water interface with long period, but caused by the liquid temperature fluctuations with short period in the water layer.
In 2003, the Japan Society of Mechanical Engineers published the "Guideline for Evaluation of High-Cycle Thermal Fatigue of a Pipe" [4] to establish and prescribe the design process methodology to prevent the thermal fatigue. This guideline shows that the thermal fatigue does not occur when amplitude of temperature fluctuations at austenite stainless-steel surface is smaller than 35K. This limitation was estimated by calculating the temperature amplitude when thermal stress in the infinite plate was equal to fatigue limit stress amplitude. The temperature fluctuation of 11K is smaller than this limitation. In addition, it was shown that non-condensable gas reduced the liquid temperature fluctuations described in Sec.3.3. The concentration of the injected air was 0.27ppm when all injected air dissolved into water, and was smaller than the hydrogen concentration 2.7ppm in a PWR plant. Therefore, the estimated wall temperature fluctuation 11K under the condition in the actual PWR plant is not expected to exceed 35K, which is equivalent to the fatigue limit stress amplitude of stainless-steel.
Conclusions
Steam-water experiments are conducted using a full-scale pressurizer spray pipe for an actual PWR plant. The inner wall and the fluid temperature were measured at the bypass flow rate in the steam-water experiment. The observed maximum wall temperature fluctuation was about 7K at the cross section E when the temperatures of steam and water were 100°C and 60°C, respectively. The fluid temperature fluctuation phenomena in the pressurizer spray pipe were studied by the visualization experiments to investigate the cause of the wall temperature fluctuation. The effects of non-condensable gas on the fluid temperature fluctuations were also discussed. The following conclusions were obtained: (1) The fluid temperature fluctuations were not caused by waves on the water surface, but caused by the liquid temperature fluctuations in the water layer below the steam-water interface. (2) The air injection attenuated the liquid temperature fluctuations in the water layer since the condensation was suppressed by the non-condensable gas. (3) The maximum wall temperature fluctuations in this experiment were about 7K when the temperatures of steam and water were 100°C and 60°C, respectively. The wall temperature fluctuation could be estimated about 11K when it is assumed to be proportional to the steam-water temperature difference under the condition in the actual PWR plant. This estimated temperature fluctuation 11K is not expected to exceed 35K, which is equivalent to the fatigue limit stress amplitude of stainless-steel.
